ABSTRACT: Dielectric constant e' and dielectric loss e" at microwave frequencies were determined for handsheets of various densities prepared by changing freeness, mesh size for fractionation and pressure for wet pressing. Both e' and e" at 4.0 GHz increased linearly with increasing density. Empirical formulae e'=0.531+ 3.07 P and e"=-0.098+0.619 P for handsheets of hardwood pulps were obtained for densities between 0.5 and 1.0g/cm3. The correlation coefficient between e' and P and between e" and P were 0.994 and 0.984, respectively. These formulae were interpreted on the basis of proportionality of density to the number of dipoles per unit volume in the paper sheet.
INTRODUCTION
It is important to study the effect of density on physical properties of paper sheet consisting of pulp fibers and voids for the production of high quality papers 1-3) .
While the paper density affects dielectric properties of paper sheet, dielectric measurements at audio frequencies suffer from difficulties arising from incomplete deposition of metal on rough surfaces of paper sheet and penetration of the electrode metal into paper sheet. Therefore, the dielectric measurement at microwave frequencies, which eliminates the needs for contact between sample and electrodes, would give useful information on the fine structure of pulp fibers in paper sheets.
A new type of instrument using microwaves has been developed for determining the fiber orientation in paper sheets4-6), blood vessels7) and nonwoven fabrics8) and molecular orientation in polymer films9-11). The new microwave method provides accurate and quick noncontact measurement of dielectric properties and should be useful for studying the density dependence of dielectric constant and dielectric loss, i.e., the relationship between the complex dielectric constant and the density of paper sheet.
The present paper describes such an experimental study on the density dependence of dielectric properties of paper sheets by using the microwave method. 
EXPERIMENTAL.
where, eo is the dielectric constant at low frequencies, E'-is the dielectric constant at high frequencies, N is the number of dipoles per unit volume, p is the dipole moment, Y is the restoring force, Er is the local electric field, and E is the applied electric field.
From equation (3) we express the dielectric constant e" (_??_ ) and dielectric loss a" (w) for the dielectric (3 -relaxation as 13)
which indicate that _??_'(w) -e a. and E"(w) at an angular frequency of w are linearly related to N. Here, g is the relaxation spectrum and r is the relaxation time.
Since N is proportional to the density p , both e' (w) -E'_ and E" (w) at a fixed microwave frequency should vary in proportion to the density p of a paper sheet. 
RESULTS
in the range of p studied. The correlation coefficients be tween e' and p, and between E" and p were 0.994 and 0.984, respectively.
The relation between E' and E" for the handsheets is with increasing the content of the pulp of freeness of 600 ml. This increase in E' may be caused by the 'increase in density due to an increase in the content of pulp with a lower freeness. We have also found that e" decreases linearly with increasing content of pulps with freeness of 600 ml.
Effect of Fiber Length
The density of handsheets increased with increasing mesh number (wires per inch). The length of pulp fibers decreased with increasing mesh number. Thus, an increase in mesh number should result in the increase in entanglement of pulp fibers, leading to an increase in den.
sity and have the increase in E'. Figure 5 shows the density dependence of e' at 4.0
GHz for the handsheets prepared by fractionating pulp fibers with screens of 14, 24, 42, and 80 mesh . As ex.
pected, e' increased with increasing mesh number; note that the density dependence of e' for the handsheets fractionated with different meshes has been shown in used in the present study. In the future, it is expected to obtain the generalized formulae in a wide range of density by strictly examining the effect of factors such as crystallinity, water content and species of pulp fibers upon e' and e" for the handsheets.
The characteristics of a paper sheet can be evaluated from the empirical formulae (6) and (7) if P is measured. From the complex dielectric constant estimated from p, we can obtain information on the species of pulp fibers, additives and impurities in the unknown paper sheets and then compare them with the standard sample.
Such data will also reveal the difference in papermaking method. Thus, the measurement of complex dielectric constant at microwave frequencies is useful for evaluation of the compactness of pulp fibers in paper sheet, difference in species of pulps, and the structure and physicochemical properties. Such dielectric properties at microwave frequencies will be useful for solving various problems in quality occuring in paper sheets and then for developing new functional papers.
